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Alzheimer's disease is characterized by the progressive formation in the brain of insoluble amyloid plaques and vascular deposits consisting of the 4-kD amyloid ␤-peptide (A␤) (1) . A␤ occurs in two predominant forms with different COOH-termini, A␤40 and A␤42, and overproduction of A␤42 has been suggested to be the cause of familial early-onset Alzheimer's disease (2) . Formation of A␤ requires proteolytic cleavage of a large type-1 transmembrane protein, the ␤-amyloid precursor protein (APP) (3), which is constitutively expressed in many cell types. To initiate A␤ formation, ␤-secretase cleaves APP at the NH 2 -terminus of A␤ to release APPs␤, a ϳ100-kD soluble NH 2 -terminal fragment, and C99, a 12-kD COOHterminal fragment which remains membrane bound ( Fig. 1) . In an alternate pathway, ␣-secretase cleaves within the A␤ sequence, thus precluding the formation of A␤. Cleavage by ␣-secretase produces a large soluble NH 2 -terminal fragment, APPs␣, and a 10-kD membrane-bound COOH-terminal fragment, C83 (Fig. 1) . Both C99 and C83 can be further cleaved by one or more ␥-secretases, leading to the release and secretion of A␤ and the nonpathogenic p3 peptide, respectively.
Intense efforts have been directed toward the identification of ␣-, ␤-, and ␥-secretases. Two metalloproteases, ADAM 10 and TACE, are involved in ␣-cleavage of APP (4) . Various ␤-secretase candidates have been described [for review, see (5) ]. Although most of these candidates can cleave small peptides around the ␤-secretase site, none have all the predicted characteristics of the enzyme. Activity of ␥-secretase has recently been shown to require presenilin (6, 7) , and on this basis it has been proposed that presenilin 1 is ␥-secretase; however, to date there is no evidence that presenilin 1 has proteolytic activity (7) .
Cell culture studies have defined the functional properties of ␤-secretase. Most cell types generate A␤ (8) , indicating that ␤-secretase is widely expressed. The ␤-secretase pathway appears more prominent in primary mixed brain cultures than in peripheral cells (9) , and neurons show more ␤-secretase activity than astrocytes (10) . Cell biological studies suggest three potential sites of intracellular ␤-secretase activity: endosomal/lysosomal compartments, see for example (11) , Golgi-derived vesicles (12) , and endoplasmic reticulum/intermediate compartments in postmitotic neurons (13) . ␤-secretase has an acidic pH optimum (14, 15) .
The exact sites of ␤-secretase cleavage have been determined. Amyloid plaque A␤ starts at Asp1 (16) , and this cleavage site is therefore of major interest. In human embryonic kidney cells, the majority of A␤ starts at Asp1, but a minority of peptides start at Val-3 and Glu11 (8) . In contrast, the predominant A␤ species in rat primary neuronal cultures starts at Glu11 (17) . This NH 2 -terminal heterogeneity of A␤ has raised the question of whether one or multiple ␤-secretase enzymes exist. Inhibitor studies suggest that production of Glu11 peptides parallels that of Asp1 peptides (17) , whereas Val-3 peptides seem to be generated by a different protease (18, 19) . ␤-secretase cleavage is highly sequence-specific. A Met 3 Leu substitution at the P1 position of APP, found in the "Swedish" familial AD mutation ( Fig. 1 ) which causes early-onset Alzheimer's disease (20) , dramatically enhances ␤-secretase cleavage (21), but many other substitutions (for example, Met 3 Val) decrease it (22) .
We now report the cloning of a human transmembrane aspartic protease, BACE, that has all the known characteristics of the ␤-secretase.
Identification of the ␤-secretase candidate BACE. We used an expression cloning strategy to identify genes that modulate A␤ production. APP processing has been extensively characterized in human embryonic kidney 293 cells, and it is well established that these cells express the ␤-and ␥-secretases involved in A␤ production. We constructed a directional cDNA expression library from this cell line in a cytomegalovirus promoter-based expression vector. We transiently transfected ϳ8600 pools of 100 into a 293 cell line, which overexpresses APP containing the Swedish mutation (APPsw) (23) . Changes in A␤ levels in conditioned media were monitored by ELISA assays that detect A␤ 1Ϫx (total A␤) and A␤ xϪ42 (A␤ derivatives ending at amino acid 42). Pools that produced elevations in secreted A␤ 1Ϫx or A␤ xϪ42 relative to the plate average were selected as positives and subsequently subdivided to single cDNA clones. Of the cDNA pools we identified as positive in the primary screen, one contained a clone that shared significant sequence similarity with members of the pepsin subfamily of aspartic proteases. This clone encodes a novel protein, which we have termed BACE (for beta-site APP cleaving enzyme).
The sequence of the 2526 -base pair BACE cDNA revealed an open reading frame of 501 amino acids. The BACE protein has an NH 2 -terminal signal peptide of 21 amino acids followed by a proprotein domain spanning amino acids 22 to 45 (24) . The lumenal domain of the mature protein extends from residues 46 to 460, and is followed by one predicted transmembrane domain of 17 residues and a short cytosolic COOH-terminal tail of 24 amino acids.
BACE contains two active site motifs at amino acids 93 to 96 and 289 to 292 in the lumenal domain. Each motif contains the highly conserved signature sequence of aspartic proteases, D T / S G T / S , within which the aspartic acid residue is essential for catalytic activity [for review, see (25)]. BACE also has four putative N-linked glycosylation sites and six lumenal cysteines, which would allow the formation of up to three intramolecular disulfide bonds ( Figs. 1 and 2) . Thus, BACE is predicted to be a type I transmembrane protein with the active site on the lumenal side of the membrane, where ␤-secretase cleaves APP (Fig. 1 ).
At the amino acid level, BACE shows less than 30% sequence identity with human pepsin family members, with most similarity to cathepsin E (30% identity, 37% similarity). The homology to other pepsins is highest in the central portion of BACE, while the NH 2 -and COOH-termini are more divergent. The low sequence similarity of BACE to pepsins together with the putative transmembrane domain indicate that BACE may define a new subclass of membrane-bound aspartic proteases.
Rat and mouse orthologs of BACE were identified in a computer search of an Amgen expressed sequence tag database. The rat (GenBank accession AF190727) and mouse (GenBank accession AF190726) BACE cDNAs have, respectively, 91 and 93% sequence identity, with full-length human BACE cDNA. Both rat and mouse cDNAs encode proteins of 501 amino acids that have 96% sequence identity with the human BACE protein.
BACE mRNA expression in peripheral tissues and brain. Most, if not all, cells and tissues express APP and generate A␤. Therefore, ␤-secretase expression is expected to have a broad tissue distribution. Northern blot analysis of human BACE mRNA in adult peripheral tissues and various subregions of the brain revealed three transcripts of ϳ7.0, 4.4, and 2.6 kb (Fig. 3, A and B) . With the exception of the pancreas, which exhibits robust expression, most peripheral tissues express low levels of BACE mRNA. Expression in brain and brain subregions is moderately higher with uniform expression observed across all subregions.
To determine which cell types express BACE mRNA in the adult brain, we analyzed adult rat brain sections by in situ hybridization (26). At low magnification, the hybridization signal is observed throughout all regions of the adult rat brain, with the strongest signal over hippocampus, cortex, and cerebellum ( Fig. 3D) . At higher magnification, the signal is observed over most neurons, whereas glia appear to express little or no BACE mRNA (Fig. 3, E and F) . Overall, the pattern of BACE mRNA expression is consistent with that expected for the ␤-secretase.
BACE protein in cells and human brain. To detect the BACE protein, we generated a rabbit polyclonal antiserum directed against the cytosolic COOH-terminal tail corresponding to amino acids 485 to 501. This antiserum was used to immunoprecipitate BACE from normal human brain, AD brain, and 293 cells transfected with BACE cDNA (Fig. 3C ). Immunoprecipitates were subsequently analyzed on immunoblots developed with the anti-BACE antiserum (27). A protein of ϳ70 kD is apparent in the transfected 293 cell extract immunoprecipitated with anti-BACE (S) but not in the preimmune immunoprecipitate (0) or when the antiserum is preabsorbed (A) (Fig. 3C) . The increased size of the protein observed on immunoblots compared to the predicted size of the mature enzyme (51 kD) is due to N-linked glycosylation, as was determined by analysis of immunoprecipitates incubated with N-glycosidase F (24) . The ϳ28-kD immunoprecipitated protein in the 293 cells may represent a degradation product of BACE. Both AD and agematched control brain homogenates show the ϳ70-kD protein, which reacts with anti-BACE and comigrates with the transfected BACE (Fig. 3C) .
Intracellular localization of BACE. ␤-secretase activity is highest in compartments of the secretory pathway including the Golgi apparatus, trans-Golgi network (TGN), secretory vesicles, and endosomes. To determine the intracellular localization of BACE protein, we generated a tagged form of BACE with the hemagglutinin (HA) epitope fused to the COOH-terminus of the cytosolic tail (BACE-HA) (28). The BACE-HA protein was stably transfected into 293 cells, and the cells were then costained with anti-HA antibodies and antibodies against organelle markers (29). A substantial proportion of BACE-HA immunostaining appears in the Golgi and endosomes (Fig. 4A) . Similar results were obtained by co-localizing BACE-HA with several other Golgi and endosome markers (␤-coatomer protein, furin, Golgi complex antibody-1, early endosome antigen 1), whereas only a small amount of staining is observed in ER and lysosomes (24) .
The soluble APPs␤ fragment ( Fig. 1 ) is a direct product of ␤-secretase cleavage of APP and therefore is a marker of ␤-secretase activity. To address whether overexpression of BACE induces ␤-secretase cleavage within cells, we transiently transfected the BACE-HA stable cell line with APP containing the Swedish mutation (APPsw). Immunocyto- chemistry with antibody against the COOHterminal neoepitope of the ␤-cleaved APPs (APPs␤sw) reveals that APPs␤sw generation is dramatically increased in cells overexpressing BACE-HA (Fig. 4B) . Moreover, APPs␤sw immunostaining largely overlaps with BACE-HA signal, indicating that BACE-HA induces ␤-secretase cleavage within shared intracellular compartments.
Overexpression of BACE causes increased ␤-secretase activity. To quantitate the effects of BACE overexpression on APP metabolites, we transiently transfected BACE or vector alone into 293 cells stably expressing either wild-type APP695 (APP wt) or APPsw and measured changes in secreted APP metabolites with enzyme-linked immunosorbent assays (ELISA) for A␤ 1Ϫx , A␤ xϪ42 , APPs␣, and APPs␤sw (30). In both cell types, BACE overexpression did not affect APP expression, as demonstrated by unchanged levels of cellular full-length APP (24) . In APPwt cells, BACE transfection results in an approximate twofold increase in A␤ production, and this increase is found for both A␤ 1Ϫx and A␤ xϪ42 , indicating that BACE does not enhance 40 or 42 cleavage specifically (Fig. 5A ). In contrast, APPs␣ is significantly decreased upon BACE transfection (Fig. 5C ), suggesting that the A␤ increase is not a result of increased APP expression or turnover but rather is a consequence of a specific increase in the ␤-secretase cleavage pathway.
To visualize the A␤-like peptides secreted from the APPwt cells, we immunoprecipitated conditioned media from metabolically labeled BACE-or vector-transfected cells with monoclonal antibody 4G8, which recognizes residues 17 to 24 of A␤ (Fig. 5B) . The intensity of the A␤ band is significantly increased upon BACE transfection (left lane) compared to vector transfection (right lane), whereas the ␣-secretase pathway derived p3 band is almost absent. Instead, a shortened A␤ species appears only slightly above the p3 position, which we identify as the Glu11 product (see below).
Consistent with the results obtained from the APPwt cells, BACE overexpression in APPsw cells caused an approximate twofold increase in production of APPs␤sw with a concomitant decrease in APPs␣ (Fig. 5, E and F) . Surprisingly, A␤ 1Ϫx and A␤ xϪ42 levels did not change significantly (Fig. 5D ), suggesting that BACE overexpression in APPsw cells enhances ␤-secretase cleavage; however, most of the additional C99 is not converted to A␤. To determine if there was an intracellular accumulation of C99, we immunoprecipitated cell lysates with an APP COOH-terminal-specific polyclonal antibody (Fig. 5G) . A fragment corresponding in size to C99 was three times more abundant in BACE transfected cells (left lane) than in cells transfected with vector alone (right lane). Another fragment running just above C83 was also significantly increased. This fragment, which runs at an estimated size of C89, is consistent with a Glu11 cleavage product (see below). Quantitation of C83 demonstrates a reduction to 70% of the control levels upon BACE transfection (24) .
Thus, transient overexpression of BACE does not affect APP expression, but it decreases ␣-secretase cleavage and increases ␤-secretase activity in cells expressing wt or Swedish mutant APP. Enhanced ␤-secretase activity is readily detected by increases in the immediate ␤-secretase cleavage products APPs␤sw and C99 in APPsw cells and by increases in A␤ production in the APPwt cells.
BACE overexpression causes cleavage of APP exactly and only at known ␤-secretase sites. To determine the exact site or sites of BACE-induced cleavage, we radiosequenced A␤ and APP COOH-terminal fragments after metabolic labeling of the cells with 2175 cpm peak in cycle 4) (Fig. 6A) ; however, minor cleavage products at Val-3 and Ile-6 are also detected, confirming previous results (8) . A␤ production is enhanced in cells transfected with BACE, and radiosequencing of the A␤ band demonstrates a start exclusively at Asp1 (triangles, 7280 cpm peak in cycle 4; Fig. 6A ).
The minor species Val-3 and Ile-6 are unchanged and no additional peaks are observed.
To exactly identify the immediate products of ␤-secretase cleavage, we also radiosequenced the APP COOH-terminal fragments that are enhanced upon BACE transfection into APPsw cells. We first isolated the 12-kD swC99 band, which is nearly indetectable in cells transfected with vector alone (Fig. 5G) . As expected, this BACE-induced band starts at Asp1 only (Fig. 6B) , demonstrating that BACE overexpression promotes the generation of C99, the precursor of Asp1-A␤. However, BACE also induces another band migrating just above C83 (Fig. 5G ). Because this band could not be excised from the blot separately from C83, we excised it together with C83 and sequenced the same molecular weight range of the sample transfected with vector alone, which contains only C83, as a control (Fig. 6C) . Both the vector-transfected and the BACE-transfected cells produce C83 starting at the previously established ␣-secretase cleavage sites (31) . However, the strongest signal induced by BACE is at Glu11 (peak at cycles 9, 10) and derives from the band migrating just above C83. This indicates that BACE overexpression promotes Glu11 cleavage and the appearance of C89, the precursor for Glu11-A␤. In summary, overexpression of BACE induces cleavage only at the known ␤-secretase positions, Asp1 and Glu11.
Inhibition of ␤-secretase activity with BACE antisense oligonucleotides. To establish that BACE is required for ␤-secretase cleavage, we inhibited expression of the endogenous BACE gene by delivering antisense oligonucleotides (AS oligos) into 101 cells by lipid-mediated transfection (32). We used three BACE-specific AS oligos (AS#2, AS#3, AS#4) and a reverse sequence oligo as a negative control for each (REV#2, REV#3, REV#4). As additional controls, we generated AS oligos with two, four, or six mismatches (2MIS, 4MIS, 6MIS) distributed within the AS#2 sequence.
We first determined the potency of BACE AS oligo inhibition of endogenous BACE mRNA expression in APPsw cells. In Northern blots hybridized with BACE cDNA probe, the intensity of all three BACE transcripts is dramatically reduced by treatment with AS oligos as compared to reverse sequence oligos, whereas control messages are not affected (Fig. 7A) . The AS oligos reduce normalized BACE mRNA levels to only ϳ25 to 30% of control oligos (Fig. 7B) . Treatment with the 2MIS oligo reduces BACE mRNA to an intermediate level (ϳ45%) between that of AS#2 and REV#2. 4MIS and 6MIS oligos have no effect on BACE mRNA.
Treatment of APPsw cells with AS oligos typically reduced APPs␤sw levels to 30 to 40% of that found in cells treated with reverse sequence oligos (Fig. 7C) . 2MIS oligo reduces the APPs␤sw level to ϳ70%, a value intermediate between that of AS#2 and REV#2. As expected, 4MIS and 6MIS oligos do not reduce APPs␤sw levels. Thus, BACE antisense treatment decreases both BACE mRNA and APPs␤sw in parallel and achieves a maximum inhibition of ϳ75 to 80% for both parameters.
Because ␣-and ␤-secretase appear to compete for the same intracellular pool of APP, we predicted that inhibition of ␤-secretase activity would elevate ␣-secretase cleavage. Indeed, APPs␣ levels were increased by 30 to 50% upon BACE inhibition with AS oligos (Fig.  7D) , providing further evidence that antisense inhibition is specific for BACE and does not simply decrease APP expression.
Finally, we determined the effect of BACE inhibition on A␤ production in APPsw cells. Typically, AS oligos reduce A␤x-40 and A␤x-42 levels to ϳ60 to 70% of the levels observed in control oligo treated cells (Fig. 7, E and F) . 2MIS oligo has an intermediate inhibitory effect on A␤x-40 and A␤x-42 relative to AS#2 and REV#2, while 4MIS and 6MIS oligos have no effect. The inhibition of A␤ production with BACE AS oligos is significant and reproducible, although it is less than that observed for APPs␤sw. However, APPs␤sw is an immediate product of Asp1 ␤-secretase cleavage, while the A␤ assays are not specific for the Asp1 product and depend on ␥-secretase cleavage.
Together, these results strongly suggest that BACE is required for ␤-secretase cleavage and that no other proteases can efficiently compensate for loss of BACE function.
Purified BACE cleaves APP substrates and exhibits the properties of ␤-secretase. To demonstrate that BACE has ␤-secretase activity, we developed an in vitro system in which purified BACE directly cleaves peptide substrates containing the appropriate APP sequences. We engineered a soluble BACE-immunoglobulin G (BACE-IgG) fusion protein containing the entire lumenal domain of BACE (amino acids 1-460), fused to the human IgG1 at the COOH-terminus. BACE-IgG was overexpressed in 293T cells and purified from conditioned media (Fig. 8A) (33) .
To address the substrate requirements of BACE-IgG, we designed three peptide substrates, each containing 30 amino acids, extending from P21 to P9' to span the ␤-secretase cleavage site. These peptides represent: (i) APPwt; (ii) APPsw; and (iii) the MV substitution (P1 changed from Met 3 Val). In intact cells, endogenous ␤-secretase cleaves APPsw much better than APPwt, but the MV mutant is not cleaved (22) . Pure BACE-IgG cleaves the pure wt peptide with a specific activity of approximately 9 nmol/min/mg, demonstrating that BACE acts as a protease (Fig. 8B) . We detect only one cleavage and this is at the correct Asp1 site (24) . As expected for ␤-secretase, the specific activity of BACE-IgG for the Swedish substrate is much higher than for the wt substrate, whereas cleavage of the MV mutant is not detectable at all (Fig. 8B) .
Experiments with intact cells suggest that ␤-secretase has an acidic pH optimum (14, 15) . Indeed, a pH titration of BACE activity shows an optimum at pH 4.5 for both the wt and the Swedish mutant peptide (Fig. 8C) . Previous experiments with intact cells did not provide any hints that ␤-secretase is an aspartic protease. In particular, pepstatin treatment appears to affect ␥-but not ␤-secretase cleavage (34). We therefore tested the effect of pepstatin on BACE activity in vitro. Interestingly, BACE is not inhibited by pepstatin even at 30 M, the highest concentration tested (24) .
Conclusions. Although the molecular identity of the ␤-secretase has remained elusive, much has been determined about the characteristics of ␤-secretase activity in intact cells. We have shown step-by-step that BACE matches all known properties of ␤-secretase. Its expression pattern and subcellular localization are as expected for ␤-secretase. Most interestingly, BACE is expressed at higher levels in neurons than in glia. This result supports the idea that neurons are the primary source of the extracellular A␤ deposited in amyloid plaques (10) . The predicted membrane topology of BACE aspartic protease places the active site within the lumen, in correct topological orientation relative to the ␤-secretase cleavage site in APP (Fig. 1) . Thus, there is no need to invoke unusual mechanisms to explain how the enzyme gains access to its substrate. BACE has an acidic pH optimum and localizes within intracellular compartments of the secretory pathway, in particular Golgi and endosomes, and BACE overexpression induces ␤-secretase cleavage in these compartments. These characteristics of BACE are consistent with the finding that ␤-secretase activity is found in acidic subcellular compartments only.
BACE overexpression in cells results in increased ␤-secretase cleavage of both wild-type APP and Swedish APP. This leads to increased secretion of A␤ peptides from the wt, but not the Swedish mutant cells, which show increased levels of APPs␤sw and C99. The reason for this difference is not known, but it is possible that in the APPsw-overexpressing cells, ␥-secretase cannot turn over the very high levels of C99. We found decreased levels of ␣APPs in conditioned media and of C83 in cell lysates upon BACE overexpression, consistent with the hypothesis that the ␣-and ␤-secretase pathways compete for the intracellular APP substrate. The apparently more pronounced reduction of ␣APPs compared to C83 may be due to the different detection assays.
A␤ produced in intact cells contains multiple NH 2 -termini. The major species starts at (Fig. 5G) is consistent with an Asp1 start, indicating that this fragment is indeed C99, the immediate precursor of Asp1-A␤. (C) Sequencing of the C83 and C89 COOHterminal fragments from APPswexpressing cells transfected with BACE (triangles) or vector alone (circles and broken line). Vector-alone transfectants show major peaks at cycles 1, 3, and 4, as expected for the previously reported Leu17 and Phe20 start sites of the ␣-secretase product. BACE transfectants also show these C83 peaks, but the massively enhanced 11-kD band leads to strong signals in cycles 9 and 10, indicating a Glu11 cleavage product.
Asp1, but minor forms starting at Val-3, Ile-6, and Glu-11 have been reported (8) . In cultured rat neurons, the Glu-11 form appears to be the major A␤ species (17) . This has raised the question of whether there is one ␤-secretase or multiple enzymes with different cleavage sites. Inhibitor experiments have suggested that the Asp1 form is modulated differently than the Val-3 and Ile-6 forms (18, 19) , but in parallel with the Glu11 form (17) . We find that BACE causes increased APP cleavage at Asp1 and Glu11, but not other positions. We therefore suggest that BACE is the major Asp1 and Glu11 cleaving ␤-secretase but that other proteases account for the minor Val-3 and Ile-6 forms. Our antisense experiments show that an inhibition of endogenous BACE expression dramatically reduces ␤-secretase activity, providing direct evidence that BACE not only promotes ␤-secretase cleavage but is required for this cleavage.
The in vitro experiments with purified BACE-IgG directly demonstrate that BACE has proteolytic activity on APP-derived peptide substrates, excluding the possibility that BACE is simply a cofactor, upstream activator, or facilitator for an unknown ␤-secretase. Moreover, in these in vitro experiments BACE exhibits the P1 site specificity of ␤-secretase (22) . The fact that BACE is pepstatin insensitive explains why ␤-secretase has not been previously classified as an aspartic protease. A previous study suggested that ␤-secretase is a serine protease, based on partial inhibition of ␤-secretase cleavage in intact cells upon treatment with the serine protease inhibitor AEBSF. However, we could not distinguish between direct inhibition of ␤-secretase and indirect effects attributable to the high AEBSF concentrations used (18) .
Our data provide strong evidence that the BACE aspartic protease is the long-sought ␤-secretase. However, ultimate validation must await the analysis of APP-overexpressing transgenic mouse models (for example, 35) that have been made deficient in BACE by gene targeting.
In future studies, it will be important to investigate whether the expression or processing of BACE is abnormal in Alzheimer's disease and whether BACE alleles exist that increase or decrease the risk of Alzheimer's disease. Finally, the identification of BACE as the major ␤-secretase may have important medical implications because it will allow application of the standard molecular tools that have led to successful inhibition of other therapeutically relevant aspartic proteases, such as renin and the human immunodeficiency virus I protease. 248, 105 (1995). 26. In situ hybridizations were performed using 10-m sections through fresh frozen brain tissue obtained from adult Sprague-Dawley rats. Antisense riboprobes labeled with 35 S-UTP and 35 S-CTP were generated from rat BACE cDNA Bgl II-Kpn I fragment (nucleotides ϩ815 to ϩ1593). Hybridization and wash conditions were as described (36) . 27. A synthetic peptide corresponding to the COOHterminal 17 amino acids of BACE was synthesized, conjugated to keyhole limpet hemocyanin (KLH), and used to raise a polyclonal antibody. The antibody and preimmune serum (negative control) were coupled to Protein A Sepharose for use in immunoprecipitation assays. Pieces of parietal cortex of human Alzheimer's disease and control brains obtained from Sun Health Research Institute (Arizona) were homogenized in lysis buffer (22) , and the homogenate was spun at 20,000g for 10 min at 4°C. For each immunoprecipitation about 25 mg wet weight equivalent were used. BACE immunoprecipitation from extracts of 293 cells transiently transfected with BACE were carried out as in (8) , and the precipitates were subjected to SDS-PAGE followed by immunoblotting with the BACE antiserum as primary antibody. 28. For the generation of the BACE-HA cell line, a BACE-HA fusion construct was made containing the nineamino acid hemagglutinin epitope (37) fused in frame at the BACE COOH-terminus. 29. Immunocytochemistry of paraformaldehyde-fixed Triton X-100 permeabilized cells followed standard protocols (12) . Primary antibodies and dilutions were the following: anti-HA monoclonal or polyclonal antibodies (Covance) 1:100; anti-58K (Sigma) 1: 20; and anti-transferrin receptor (Dako) 1: 20; anti-APPs␤sw 1: 500. Alexa 488 (green) and Alexa 594 (red) secondary antibodies (Molecular Probes) were used at 1: 200 dilution. 30. Transfection, metabolic labeling, preparation of total cell lysates, immunoprecipitation, and protein radiosequencing were carried out as in (8) . For immunoprecipitation of APP and its COOH-terminal fragments, we used a polyclonal antibody that we raised to the last 20 amino acids of the cytoplasmic tail of APP. For immunopreciptation of A␤ we used the monoclonal antibody 4G8 raised to A␤17-24 (Senetek). Quantitation of APP metabolites was done using time-resolved fluorescence sandwich ELISA assays with unmodified capture antibody and a biotinylated reporter antibody. Europium-labeled streptavidin was then reacted with the biotinylated antibody and the europium was quantitated by Delfia time-resolved fluorescence. For quantitation of total A␤ (A␤ 1Ϫx ), we established an ELISA using monoclonal antibody 4G8 as capture and biotinylated monoclonal antibody 6E10 raised to A␤1-17 (Senetek) as reporter. This assay detects all forms of A␤ with an intact NH 2 -terminus. For quantitation of all A␤ derivatives ending at amino acid 42 (A␤ xϪ42 ), we established an ELISA using anti-A␤ 42, a purified rabbit polyclonal antibody that specifically recognizes the 42 form of A␤ (Biosource International) as capture and biotinylated 4G8 as reporter. This assay detects all forms of A␤ and p3 that end at amino acid 42. A similar ELISA for detection of A␤ xϪ40 was established using anti-A␤ 40, a purified rabbit polyclonal antibody which specifically recognizes the 40 form of A␤ (Biosource International). For quantitation of APPs␣ we used a polyclonal antibody raised to the APP midregion (total APP) as capture and biotinylated 6E10 as reporter.
For quantitation of APPs␤sw, we raised a polyclonal antibody specific for the ␤-secretase generated neoepitope of APPsw and used this antibody as capture, followed by biotinylated monoclonal antibody 5A3 (total APP) (11) as reporter.
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The exuberant growth of neurites during development becomes markedly reduced as cortical neurons mature. In vitro studies of neurons from mouse cerebral cortex revealed that contact-mediated Notch signaling regulates the capacity of neurons to extend and elaborate neurites. Up-regulation of Notch activity was concomitant with an increase in the number of interneuronal contacts and cessation of neurite growth. In neurons with low Notch activity, which readily extend neurites, up-regulation of Notch activity either inhibited extension or caused retraction of neurites. Conversely, in more mature neurons that had ceased their growth after establishing numerous connections and displayed high Notch activity, inhibition of Notch signaling promoted neurite extension. Thus, the formation of neuronal contacts results in activation of Notch receptors, leading to restriction of neuronal growth and a subsequent arrest in maturity.
Cerebral cortical neurons grow by extending neurites (that is, axons and dendrites) and forming connections until they reach a mature size, at which their capacity to grow and remodel their connections becomes markedly reduced (1 
